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We present high-resolution single crystal time-of-flight neutron scattering measurements on the
candidate quantum spin liquid pyrochlore Tb2Ti2O7 at low temperature and in a magnetic field. At
∼70 mK and in zero field, Tb2Ti2O7 reveals diffuse magnetic elastic scattering at ( 12 , 12 , 12 ) positions
in reciprocal space, consistent with short-range correlated regions based on a two-in, two-out spin
ice configuration on a doubled conventional unit cell. This elastic scattering is separated from very
low-energy magnetic inelastic scattering by an energy gap of ∼ 0.06-0.08 meV. The elastic signal
disappears under the application of small magnetic fields and upon elevating temperature. Pinch-
point-like elastic diffuse scattering is observed near (1,1,1) and (0,0,2) in zero field at ∼70 mK, in
agreement with Fennell et al.1, supporting the quantum spin ice interpretation of Tb2Ti2O7.
PACS numbers: 75.25.-j 75.10.Kt 75.40.Gb 75.40.-s
I. INTRODUCTION
Geometrically frustrated magnets have been intensely
studied over the course of the last decade due to the rich
variety of unconventional ground states they display2. In
particular, the magnetic rare-earth titanate pyrochlore
oxides with the chemical formula R2Ti2O7 have received
considerable attention3. In this structure, trivalent R3+
rare-earth metal ions occupy a network of corner-sharing
tetrahedra known as the pyrochlore lattice, which is the
prototypical example of geometric frustration in three di-
mensions. The interplay between exchange and dipolar
interactions with crystal-field (CF) induced anisotropy
on the underlying pyrochlore lattice leads to a variety
of exotic phenomena. These include ground state selec-
tion by order-by-disorder4,5, as well as classical6–9 and
quantum spin ice10–15 physics.
Tb2Ti2O7 has attracted much interest as a poten-
tial experimental realization of a quantum spin liquid16,
based on its lack of long range order (LRO) down to at
least 50 mK17,18 despite a Curie Weiss temperature of
∼-14 K19. The Tb3+ ions in Tb2Ti2O7 have an Ising
CF doublet ground state that leads to <111> easy-
axis anisotropy as in the canonical spin ice materials
Ho2Ti2O7 and Dy2Ti2O7. In contrast to these spin ices
however, the net exchange in Tb2Ti2O7 is antiferromag-
netic (AF). Since the combination of Ising-like <111>
anisotropy and AF interactions on the pyrochlore lattice
is unfrustrated20, Tb2Ti2O7 is naively expected to dis-
play a unique LRO ground state.
Recently, two theoretical pictures have sought to ex-
plain its enigmatic ground state. One of these proposed
a “quantum spin ice” (QSI) scenario for the disordered
ground state in Tb2Ti2O7
21,22. This scenario invokes vir-
tual quantum excitations between the CF ground state
doublet and the first excited doublet (∆ ∼15 K) that
reposition Tb2Ti2O7 into the spin ice regime. Jahn-Teller
physics and a non-magnetic singlet ground state have also
been proposed and debated23,24 as the cause underlying
its failure to order.
In this paper, we report new neutron scattering mea-
surements on single crystalline Tb2Ti2O7 that elucidate
the nature of its ground state. Our measurements were
performed in zero field and in magnetic fields applied
along two high-symmetry directions in the pyrochlore
lattice. The zero field measurements reveal short-range
AF spin ice correlations extending over roughly two
conventional unit cells, characterized by elastic diffuse
scattering around ( 12 ,
1
2 ,
1
2 ) positions in reciprocal space.
The previously reported checkerboard-pattern of diffuse
scattering25,26 is now resolved as low-energy inelastic
scattering for 0.06 meV < E < 0.6 meV, while the higher-
energy inelastic scattering regime for 0.8 meV < E < 2.0
meV is dominated by CF excitations, in agreement with
earlier studies19,27. A model of the elastic scattering in-
tensity involving 128 spins in a doubled conventional unit
cell is presented. A fit of this model to the observed peak
intensities suggests that the Tb3+ moments form a short
ranged AF ordered spin ice configuration with spins tilted
∼12◦ from their local <111> axes. Finally, pinch-point
like diffuse elastic scattering is observed near (0,0,2) in
zero field. These results suggest that Tb2Ti2O7 may well
form a long range ordered (LRO) equilibrium state based
on this spin ice-derived structure at lower temperatures,
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FIG. 1. Neutron scattering data within the (H,H,L) plane of Tb2Ti2O7 at T = 70 mK are shown for a) -0.1 meV < E < 0.1
meV, b) 0.1 meV < E < 0.6 meV and c) 1.0 < E < 1.8 meV. Panel d) shows a plot of intensity vs energy transfer at the
( 1
2
, 1
2
, 3
2
) position for fields µ0H=0,2,3, and 4 T. The integration range is H=[0.2,0.8] r.l.u., L=[1.2,1.8] r.l.u.. The inset expands
the intensity scale. All data shown were corrected for detector efficiency, and an empty can background was subtracted. The
error bars are ±1σ.
although this might require more pristine samples than
are currently available.
II. EXPERIMENTAL DETAILS
The single crystal sample of Tb2Ti2O7 used for
both neutron scattering measurements was grown us-
ing the optical floating zone technique at McMaster
University28,29. It is the same single crystal used in
an earlier study by Rule et al.26. Time-of-flight neu-
tron scattering measurements were performed using the
disk-chopper spectrometer DCS30 at the NIST Center for
Neutron Research and the LET spectrometer31 at the
ISIS Spallation Neutron Source. For the DCS measure-
ments, incident neutrons of energy Ei=3.27 meV were
employed, giving an energy resolution of 0.1 meV. The
sample was carefully aligned with the [1-10] direction ver-
tical to within 0.5◦, such that the [H,H,L] plane was coin-
cident with the horizontal scattering plane. In the LET
experiment, high resolution measurements using Ei=2.32
meV gave an energy resolution of 0.02 meV. At LET,
the sample was aligned with the [11-1] direction verti-
cal, placing the plane spanned by [H,H,2H] and [H,-H,0]
within the horizontal scattering plane. Both DCS and
LET experiments achieved a base temperature of ∼70
mK and maximum magnetic fields of µ0H = 10 T and
µ0H = 7 T, respectively.
III. RESULTS AND DISCUSSION
Figures 1(a)-1(c) show reciprocal lattice maps in the
[H,H,L] plane in zero field, taken at T∼ 70 mK on DCS.
The data were corrected for detector efficiency, and to
eliminate scattering from the sample environment. Fig-
ure 1(a) shows data in the elastic channel, integrating
over -0.1 meV < E < 0.1 meV. These data reveal strong
diffuse elastic scattering at (12 ,
1
2 ,
1
2 )-type positions in re-
ciprocal space. Cuts through the diffuse elastic scattering
at ( 32 ,
3
2 ,
3
2 ) are shown in Fig. 2, for each of the [H,H,0],
[H,H,H] and [0,0,L] directions, along with fits of this scat-
tering to a standard Ornstein-Zernike (Lorentzian) form.
As can be seen from Fig. 2, the diffuse elastic scatter-
ing is isotropic in Q, and characterized by a correlation
length of ξ = 8.0±0.6 A˚. This corresponds to a correlated
static magnetic region of diameter 2ξ = 16 A˚ or roughly
two conventional unit cells. The elastic scattering we ob-
serve indicates spins which are static on the time scale of
our energy resolution, ∼10−10 s.
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FIG. 2. Cuts of the elastic scattering data in Fig. 1a) through
the ( 3
2
, 3
2
, 3
2
) position along each of the [H,H,0], [H,H,H], and
[0,0,L] directions are shown, along with fits to an Ornstein-
Zernike form for the diffuse lineshape. These data and asso-
ciated fits show the short-range ordered, elastic antiferromag-
netic Bragg features to be isotropic in Q, and characterized
by a correlation length of ∼8 A˚.
Figure 1(b) shows the low-lying inelastic scattering
for 0.1 meV < E < 0.6 meV. Within our energy res-
olution, this scattering appears to be nearly quasielas-
tic and forms the distinct checkerboard pattern observed
previously25 with highest intensities near (0,0,2) and
3(2,2,0) in the [H,H,L] plane. Interestingly, this feature
has boundaries formed by the ( 12 ,
1
2 ,
1
2 ) diffuse elastic scat-
tering. The higher energy inelastic scattering for 1.0 meV
< E < 1.8 meV is shown in Fig. 1(c). This intensity re-
sults from excitations to the lowest excited CF doublet
states at ∆ ∼1.2 meV. Figure 1(d) shows the intensity
around the ( 12 ,
1
2 ,
3
2 ) position as a function of energy for
selected magnetic fields. The zero field data nicely illus-
trate the three distinct energy regimes that are mapped
in reciprocal space in Figs. 1(a)-1(c). Under the appli-
cation of a 2 T field, the zero field elastic scattering at
the ( 12 ,
1
2 ,
3
2 ) and related positions drops to one-seventh
of the initial intensity, as the elastic magnetic scatter-
ing has been eliminated, leaving only nuclear incoherent
scattering at the ( 12 ,
1
2 ,
3
2 ) position. The low-lying inelas-
tic scattering displays a clear peak at ∼0.2 meV at 2 T.
This feature moves to higher energies and fades in inten-
sity in larger magnetic fields. The broad, higher energy
inelastic scattering from the CF excitations also splits in
the presence of a [1-10] magnetic field, forming spin wave
bands which were previously reported26.
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FIG. 3. Comparison of the measured elastic diffuse scattering
in the (H,H,L) plane of Tb2Ti2O7 at 70 mK and µ0H = 0
(panel a)) to the calculated S(Q) discussed in the text (panel
b)). The intensity scale in the calculation is normalized to the
largest intensity at ( 1
2
, 1
2
, 3
2
). The spin arrangement between
neighboring conventional unit cells is shown as a projection
onto the xy plane in panel c). The ordered two-in, two-out
spin configuration in a single unit cell is shown in panel d),
and this pattern is reversed in the neighboring cells (black vs
grey arrows in panel c)) to form “< 1
2
, 1
2
, 1
2
> ordered spin
ice”. The spins are tilted from their local <111> axes by
∼12◦.
The new elastic diffuse scattering at ( 12 ,
1
2 ,
1
2 ) and re-
lated wavevectors can be well described by a model based
on a “two-in, two-out” spin ice arrangement that extends
over two conventional unit cells in all three dimensions,
leading to a supercell composed of eight conventional
unit cells. This model takes into account a) the observed
phase shift of pi between neighboring unit cells giving rise
to scattering at (12 ,
1
2 ,
1
2 ) positions and b) the observed
width of the diffuse scattering. The spin arrangement
over two neighboring cells in the xy plane is shown in
Fig. 3 c). Note that the black spins are reversed in their
neighboring cell (grey spins) along the x or y directions.
We calculate the neutron scattering intensity S(Q)
that is proportional to the square of the transverse com-
ponent of the magnetic structure factor |M⊥(Q)|2 =
|Q×M(Q)×Q|2 with M(Q) =∑j fj(Q).mj .eiQ·rj , where
j runs over the 128 spins in the supercell. S(Q) is then av-
eraged over all three spin ice domains. This calculation
includes the magnetic form factor fj(Q) for Tb
3+ and
allows for direct comparison with experimental data32.
In order to determine the deviation of the local struc-
ture from an ideal two-in, two-out scenario, we fit the
calculated intensity to that at the nine ( 12 ,
1
2 ,
1
2 )-related
positions observed in the experiment, letting the cant-
ing angles from <111> vary. The best agreement with
the experimental data (Fig. 3 a)) is shown in Fig. 3 b).
The calculated magnetic structure factor reproduces the
net intensities of the diffuse ( 12 ,
1
2 ,
1
2 )-like peaks very well.
The elongation of the calculated diffuse scattering is a
result of the finite size of the assumed spin arrangement
(128 spins) for which we calculated the Fourier trans-
form. The best-fit spin configuration has all spins canted
by ∼12◦ from their local <111> axis with a reduction
of the magnetic moment along the local z axis. Our fit-
ting results are not very sensitive to the canting of the
other two spin components. We show the resulting spin
arrangement in Fig. 3 d) for one conventional unit cell.
Tb2Ti2O7 at 70mK is therefore composed of short range
ordered (SRO) domains of an AF < 12 ,
1
2 ,
1
2 > ordered
spin ice.
The SRO AF spin-ice state of Tb2Ti2O7 at ∼70 mK
and zero field shows Tb2Ti2O7 to have a strong tendency
to order. An actual LRO state may require lower tem-
peratures and equilibrium conditions. Sensitivity to weak
disorder, as is known to occur in single crystals of QSI
Yb2Ti2O7
33, may also be relevant. We note that the spin
canting angle from the local <111> axis is similar to the
∼ 13◦ spin cant observed in the ferromagnetic “ordered
spin ice” phase in Tb2Sn2O7
34,35. We further note that
a q=( 12 ,
1
2 ,
1
2 ) ordering wavevector is known to be selected
by the combination of isotropic near neighbor exchange
and dipolar interactions, as occurs in Gd2Ti2O7
36.
Figures 4 and 5 show the field and temperature de-
pendence of the scattering near the (- 12 ,
1
2 ,-
1
2 ) position as
measured on LET with an incident neutron energy of 2.32
meV. A high magnetic field, low temperature data set at
T = 66 mK and µ0H=7 T has been subtracted from all
data sets in Figures 4 and 5. As is shown in these fig-
ures, even a small magnetic field removes the elastic dif-
fuse scattering at ( 12 ,
1
2 ,
1
2 ) wavevectors, and a large mag-
netic field such as µ0H=7 T, pushes all inelastic magnetic
scattering to higher energies, leaving our energy range of
interest (≤0.6 meV) empty. Consequently our T=66 mK
and µ0H=7 T data set serves as an excellent background
for all the magnetic scattering of interest here.
Figure 4 shows elastic scattering, binned between -0.02
meV < E < 0.02 meV for four different conditions of
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FIG. 4. Elastic scattering data from LET, with the T=66
mK, µ0H=7 T data set used as a background, shown in the
[K,K,-K] vs. [ 1
2
H, 1
2
H,H] plane at µ0H=0, integrated from
E=[-0.02, 0.02] meV, and [H,-H,0] = [-0.6,-0.4] r.l.u.. In the
scattering geometry used in the LET experiment, the [K,K,-
K] direction is parallel to the vertical (field) direction. a) The
diffuse scattering at 66mK, 0T shown here corresponds to (-
1
2
, 1
2
,- 1
2
), which arises at [ 1
2
H, 1
2
H,H] = -0.33 r.l.u., [H,-H,0] =
-0.5 r.l.u., and [K,K,-K] = 0.166 r.l.u.. This diffuse elastic
scattering disappears upon either application of a µ0H=0.25
T field at T=66 mK b), or warming to 1.5K (below ΘCW),
c), or 60 K (above ΘCW), d). Panel e) shows the field and
temperature dependence of the diffuse elastic scattering at (-
1
2
, 1
2
,- 1
2
) as shown in panel a), integrating over [ 1
2
H, 1
2
H,H] =
[0,0.3] r.l.u..
temperature and field, only one of which displays elastic
Bragg-like scattering at ( 12 ,
1
2 ,
1
2 ). Figure 4 a) shows elastic
magnetic Bragg-like scattering at ( 12 ,
1
2 ,
1
2 ) at the lowest
temperature, T=66 mK and zero applied field. Figures
4 b), c) and d) show the same elastic scattering over the
same range in Q space at T=66 mK and µ0H=0.25 T;
T=1.5 K and µ0H=0 T; and T=60 K and µ0H=0 T;
respectively. The diffuse elastic scattering shown in Fig.
4 a) is of the same ( 12 ,
1
2 ,
1
2 ) type that was measured on
DCS, although it occurs here within a different scattering
plane than was shown in Figs. 1, 2, and 3. Figure 4 e)
shows cuts through this (- 12 ,
1
2 ,-
1
2 ) position for different
fields and temperatures, again using a T=66 mK and
µ0H=7 T data set as a background. As seen in Fig.
4 e), the (- 12 ,
1
2 ,-
1
2 ) elastic scattering can be completely
removed at low temperatures by an applied field of 0.25
T along [11-1], confirming that it is magnetic and of the
same origin as the elastic scattering shown in Figs. 1, 2,
and 3. The elastic scattering also vanishes by T = 1.5 K,
indicating that it is likely related to the broad hump in
specific heat observed at 0.4 K in many samples19,37–40.
We note that earlier neutron measurements using DCS
on this same single crystal sample did not observe this
( 12 ,
1
2 ,
1
2 ) Bragg-like magnetic scattering at T= 0.4 K and
µ0H=0 T
26.
Figure 5 shows energy vs. wavevector slices of these
same S(Q, E) data under the same conditions as were
relevant for the elastic scattering maps in Fig. 4. Figure
5 a) shows data at T = 66 mK and µ0H=0 T, Fig. 5
b) shows T=66 mK and µ0H=0.25 T, Fig. 5 c) shows
T=1.5 K and µ0H=0 T, and Fig. 5 d) shows T=60 K
and µ0H=0 T. As with the elastic data shown in Fig. 4,
this inelastic data has employed a background data set at
T=66 mK and µ0H=7 T. The data set at T=66 mK and
zero field in Fig. 5 a) shows elastic scattering character-
istic of the diffuse antiferromagnetic spin ice short range
order. This elastic scattering is separated from a gapped
continuum of inelastic scattering which extends from ∼
0.06 meV out to ∼ 0.4 meV. Some magnetic inelastic
spectral weight appears to exist within the gap, but this
spectral weight is clearly strongly suppressed compared
with that near the peak in the inelastic spectrum near
∼ 0.08 meV. Application of a small field of 0.25 T at 66
mK, as is shown in Fig. 5 b), completely suppresses the
elastic magnetic scattering at (12 ,
1
2 ,
1
2 ), as was shown in
the elastic map in Fig. 4 b), but the low energy inelas-
tic magnetic scattering below 0.2 meV is also strongly
suppressed. Data at higher temperatures and zero field
are shown in Fig. 5 c) for T=1.5 K and Fig. 5 d) for
T=60 K. The inelastic scattering at 1.5 K is taken at suf-
ficiently low temperature (below |ΘCW|=|-19 K|) to still
be within the cooperative paramagnetic regime. This 1.5
K data set shows the absence of ( 12 ,
1
2 ,
1
2 ) elastic magnetic
scattering and an ungapped quasielastic magnetic spec-
trum. The data set at T=60 K and zero field in Fig.
5 d) is taken well into the fully paramagnetic phase. Its
inelastic spectrum is also ungapped and quasielastic, and
the overall bandwidth of the magnetic inelastic spectrum
has softened by a factor of ∼ 1.5 relative to that shown
in Fig. 5 a) for T=66 mK and zero field.
The similarities and differences between the inelastic
magnetic spectrum in the presence and absence of the
( 12 ,
1
2 ,
1
2 ) Bragg-like scattering can be appreciated by tak-
ing energy cuts through the data shown in Figs. 5 a)
through 5 d). This is what is shown in Fig. 5 e) for
T=66 mK and µ0H=0 T, for T=66 mK and µ0H=0.25
T, and for T=1.5 K and µ0H=0 T. One clearly sees
5FIG. 5. High energy resolution data from LET, with the 66
mK, 7 T data set used as a background. Inelastic scattering
integrated over [ 1
2
H, 1
2
H,H] = [-1.5,1.0] r.l.u. and [K,K,-K] =
[-0.5, 0.5] r.l.u. is shown for a) T=66 mK and µ0H=0, b)
T=66 mK and µ0H=0.25 T, c) T=1.5 K and µ0H=0, and d)
T=60 K and µ0H=0. A spin gap of ∼0.06-0.08 meV opens up
below 1.5 K, which was not resolved previously. The spin gap
correlates strongly with the appearance of the ( 1
2
, 1
2
, 1
2
) elastic
magnetic peaks shown in Figs. 1-4. e) Field and temperature
dependence of the low energy inelastic scattering as shown in
panels a) - c), integrated over the full [H,-H,0] range. The
inset to Fig. 5 e) shows the same data corrected for the Bose
factor, that is, χ′′(Q, E) (see Eq. 1).
that resolution-limited elastic magnetic scattering is only
present for T=66 mK and zero field. The inelastic mag-
netic spectrum at this base temperature and zero field
clearly peaks near 0.08 meV and is strongly suppressed at
lower energies. The contrast between this gapped inelas-
tic spectrum at 66mK and zero field and the quasielastic
scattering at higher temperature at T=1.5K, but still low
compared with ΘCW is clear from Fig. 5 e). The inset
to Fig. 5 e) shows the dynamic susceptibility, χ′′(Q, E),
which is related to S(Q, E) through the Bose factor:
S(Q, E) =
χ′′(Q, E)
1− e−E/kBT . (1)
We estimate the spin gap energy at ∼0.06-0.08 meV.
The appearance of the gapped structure in the low en-
ergy magnetic excitation spectrum of Tb2Ti2O7 is clearly
tightly correlated with the appearance of strong ( 12 ,
1
2 ,
1
2 )
elastic magnetic Bragg scattering, which arises due to the
formation of a SRO AF spin ice structure, as shown in
Figs. 3 c) and d).
The clear presence of the ∼0.06-0.08 meV gap sepa-
rating the low energy inelastic scattering (0.06-0.6 meV)
from the elastic scattering due to the SRO AF spin ice
scattering at (12 ,
1
2 ,
1
2 ) wavevectors confirms that three dis-
tinct regimes of magnetic scattering exist at low temper-
atures: elastic, low-energy inelastic, and “high”-energy
inelastic scattering due to the excited CF doublet at
energies of ∼ 1 meV (see Fig. 1 d). True static long
range order in zero field would be inconsistent with the
non-magnetic, singlet ground state scenario previously
suggested23.
Pinch-point diffuse scattering characteristic of
Coulombic spin ice correlations41–43 has been of great
interest in the classical spin ice materials Dy2Ti2O7 and
Ho2Ti2O7 and recently in Tb2Ti2O7
1. Figure 6 shows
these correlations, most notably around (0,0,2), as they
appear in the elastic scattering at T = 0.07 K and (a)
zero field, and with a (b) 2 T magnetic field applied
along [1-10].
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FIG. 6. Pinch-point like scattering in the ground state of
Tb2Ti2O7 observed on DCS at ∼ 70 mK for µ0H = 0 T in
panel a). Panel b) shows diffuse scattering along the <0,0,L>
direction under application of a µ0H = 2 T field, which might
originate from anisotropic exchange. Both data sets show
elastic scattering for -0.1 meV < E < 0.1 meV and are dis-
played on a logarithmic intensity scale (compared to a linear
scale in Fig. 1).
Our pinch-point diffuse scattering near (0,0,2) is qual-
itatively similar to that observed in Fig. 2a) of Fennell
et al.1. As shown in Fig. 6, we observe “rods” of scatter-
ing along the <0,0,L> and <H,H,H> directions, which
appear to be modulated by pinch points near the zone
centers at (1,1,1), (1,1,3) and near (0,0,2). In a 2 T field
applied along [1-10], all elastic scattering at ( 12 ,
1
2 ,
1
2 ) po-
sitions has disappeared and only broad diffuse scattering
6along the <0,0,L> direction remains. The origin of this
rodlike elastic diffuse scattering is not understood, but
one can speculate that it originates from anisotropic ex-
change in Tb2Ti2O7, as is known to describe the micro-
scopic spin Hamiltonian in Yb2Ti2O7
13 and Er2Ti2O7
4.
IV. CONCLUSION
The ground state of Tb2Ti2O7 has by now been studied
for more than a decade by neutron scattering techniques.
It is surprising that the ( 12 ,
1
2 ,
1
2 ) elastic SRO scattering,
presaging a transition to LRO, has not previously been
observed. This is likely due to the low onset temperature
of this scattering: for example Rule et al.26 previously
studied the same single crystal with the same instrumen-
tal conditions at DCS, but at temperatures of 400 mK
and above, without seeing this scattering. In fact, triple-
axis measurements by Yasui et al.44 do show evidence
for a peak at ( 12 ,
1
2 ,
5
2 ) at T = 0.4 K (Fig. 2 in Ref. 44),
however this feature was not pursued further in subse-
quent studies. Diffraction experiments, such as that by
Gardner et al.25, would be problematic due to integration
over elastic and low-energy inelastic scattering, which we
show in Fig. 1 to have very different Q dependencies.
In conclusion, new neutron scattering measurements
on Tb2Ti2O7 at T = 0.07 K in zero field have revealed
elastic diffuse scattering at ( 12 ,
1
2 ,
1
2 ) positions characteris-
tic of short-range AF spin ice correlations extending over
roughly two conventional pyrochlore unit cells. This elas-
tic scattering is separated by a gap of ∼0.06-0.08 meV
from low lying inelastic scattering, and can be quanti-
tatively described based on an ordered two-in, two-out
local spin ice structure with a spin canting angle of ∼
12◦. This development of AF spin ice correlations in
Tb2Ti2O7 is characteristic of a strong tendency to form
the corresponding LRO state which does not occur either
because the temperature is not sufficiently low, or due to
weak disorder in the samples, as has been recently char-
acterized in other exotic pyrochlore magnets33, or both.
Following completion of this work, we became aware
of two preprints reporting related neutron work on single
crystal45 and polycrystalline46 Tb2Ti2O7 samples.
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